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W s  tract  

Computa t iona l  a n a l y s e s  have  been  made o f  t h e  
f l o w  i n  NASA L a n g l e y ' s  Arc-Heated S c r a m j e t  T e s t  
F a c i l i t y ' s  Mach 4.7 and Mach 6 s q u a r e  c r o s s -  
s e c t i o n  c o n t o u r e d  n o z z l e s  f o r  compar i son  w i t h  
e x p e r i m e n t a l  r e s u l t s .  The a n a l y s e s ,  which were  
pe r fo rmed  u s i n g  a 3-D RANS computer  code  a s suming  
a s i n g l e  s p e c i e s  g a s  w i t h  c o n s t a n t  s p e c i f i c  h e a t s ,  
were  i n t e n d e d  t o  p r o v i d e  i n s i g h t  i n t o  t h e  n a t u r e  
o f  t h e  f l o w  d e v e l o p n e n t  i n  t h i s  t y p e  of  n o z z l e .  
The c o m p u t a t i o n a l  r e s u l t s  showed t h e  e x i t  f l o w  
d i s t r i b u t i o n  t o  be a f f e c t e d  by c o u n t e r - r o t a t i n g  
v o r t i c e s  a l o n g  t h e  c e n t e r l i n e  o f  e a c h  n o z z l e  s i d e -  
w a l l .  C a l c u l a t e d  f l o w  p r o p e r t i e s  show g e n e r a 1 , b u t  
n o t  comple te ,  ag reemen t  w i t h  e x p e r i m e n t a l  measure- 
ments  i n  h o t h  n o z z l e s .  

Nomenclature 

n o z z l e  e x i t  a r e a  
a r e a  o f  i n f l o w  boundary f o r  CFD 
c a l c u l a t i o n  
n o z z l e  t h r o a t  a r e a  
s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  
s p e c i f i c  h e a t  a t  c o n s t a n t  volume 
Mach number 
Mach number o f  f l o w  a t  i n f l o w  boundary 
f o r  CFD c a l c u l a t i o n  
m o l e c u l a r  w e i g h t  
s t a t i c  p r e s s u r e  
t o t a l  p r e s s u r e  ( i n  f a c i l i t y  plenum 
chamber)  
s t a t i c  t e m p e r a t u r e  
t o t a l  t e m p e r a t u r e  ( i n  f a c i l i t y  plenum 
chamber)  
a x i a l  f l o w  v e l o c i t y  
a x i a l  c o o r d i n a t e  a l o n g  n o z z l e  l e n g t h  
( z e r o  a t  n o z z l e  t h r o a t )  
a x i a l  p o s i t i o n  o f  o u t f l o w  boundary o f  
c o m p u t a t i o n a l  r e q i o n  1 
a x i a l  p o s i t i o n  o f  o u t f l o w  boundary o f  
c o m p u t a t i o n a l  r e g i o n  2 
a x i a l  p o s i t i o n  o f  o u t f l o w  boundary o f  
c o m p u t a t i o n a l  r e g i o n  3 
a x i a l  p o s i t i o n  o f  o u t f l o w  boundary o f  
c o m p u t a t i o n a l  r e g i o n  4 
a x i a l  p o s i t i o n  o f  i n f l o w  boundary o f  
c o m p u t a t i o n a l  r e g i o n  1 
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' 1 ~ 2  a x i a l  p o s i t i o n  o f  i n f l o w  boundary o f  
c o m p u t a t i o n a l  r e g i o n  2 

' 1 ~ 3  a x i a l  p o s i t i o n  o f  i n f l o w  boundary o f  
c o m p u t a t i o n a l  r e g i o n  3 

' 1 ~ 4  a x i a l  p o s i t i o n  o f  i n f l o w  boundary o f  
c o m p u t a t i o n a l  r e g i o n  4 

Y v e r t i c a l  c o r d i n a t e  a t  e a c h  a x i a l  
l o c a t i o n  ( z e r o  a l o n g  n o z z l e  c e n t e r l i n e )  

Z h o r i z o n t a l  c o o r d i n a t e  a t  e a c h  a x i a l  
l o c a t i o n  ( z e r o  a l o n g  n o z z l e  c e n t e r l i n e )  

1 s t a t i c  d a n s i t y  

P lUl 
mass f l o w  r a t e  p e r  u n i t  a r e a  

Introduction 

The NASA Langley Arc-Heated S c r a m j e t  T e s t  
F a c i l i t y  (AHSTF), h a s  been used f o r  t e s t i n g  
s c r a m j e t  e n g i n e s  and e n g i n e  components f o r  t h e  
p a s t  1 2  y e a r s .  T h i s  f a c i l i t y  (Fig .  1 )  p r o v i d e s  a 
test f l o w  w i t h  t o t a l  e n t h a l p y ,  t o t a l  p r e s s u r e ,  and 
Mach number c o r r e s p o n d i n g  to a c t u a l  f l i g h t  cond i -  
t i o n s .  An electric a r c  h e a t s  t h e  a i r  t o  a t o t a l  
t e m p e r a t u r e  o f  a p p r o x i m a t e l y  BOOOO R. Ilnheated 
a i r  is i n j e c t e d  downstream o f  t h e  a r c  h e a t e r  t o  
mix w i t h  t h i s  h o t  a r c - h e a t e d  a i r  t o  produce t h e  
d e s i r e d  test c o n d i t i o n s .  By u s i n g  t w o  d i f f e r e n t  
s q u a r e  c r o s s - s e c t i o n  c o n t o u r e d  n o z z l e s  w i t h  
nominal  e x i t  Mach numbers o f  4.7 and 6 ,  f l i g h t  
c o n d i t i o n s  r a n g i n g  from Mach 4.7 t o  Mach 8 can  b e  
s i m u l a t e d .  F i g u r e  2 shows s c h e m a t i c s  o f  t h e s e  two 
f a c i l i t y  n o z z l e s .  A c a l i b r a t i o n  s t u d y  o f  t h e  f l o w  
e x i t i n g  t h e s e  n o z z l e s  was performed and t h e  
r e s u l t s  were  p r e s e n t e d  i n  R e f e r e n c e  1. 

The p r e s e n t  n u m e r i c a l  s t u d y  was conduc ted  
u s i n g  an  e x i s t i n g  CFD code  t o  p r o v i d e  i n s i g h t  i n t o  
t h e  development  o f  t h e  f l o w  th rough  t h e s e  s q u a r e  
c r o s s - s e c t i o n e d  c o n t o u r e d  n o z z l e s .  I f  t h e  e x p e r i -  
m e n t a l  r e s u l t s  cou ld  b e  a c c u r a t e l y  r ep roduced  
n u m e r i c a l l y ,  t h e  code  c o u l d  t h e n  be used w i t h  
c o n f i d e n c e  f o r  p r e d i c t i o n s  o f  t h e  n o z z l e  f lowf i e l d  
a t  o t h e r  t u n n e l  c o n d i t i o n s  and i n  o t h e r  
f a c i l i t i e s .  These  c o m p u t a t i o n a l  s o l u t i o n s  a l s o  
p r o v i d e  a much more comple te  d e s c r i p t i o n  of  t h e  
r e s u l t a n t  f l o w  t h a n  t h a t  which c o u l d  h e  d e r i v e d  
from t h e  e x p e r i m e n t a l  r e s u l t s .  Computed d a t a  can  
b e  o b t a i n e d  on a much f i n e r  q r i d ,  and l o c a l  h o r i -  
z o n t a l  and v e r t i c a l  v e l o c i t y  components c a n  he 
d e t e r m i n e d  i n  a d d i t i o n  to t h e  a x i a l  v e l o c i t y  
component. T h i s  more d e t a i l e d  d a t a  b a s e  is u s e f u l  
a s  i n f l o w  c o n d i t i o n s  f o r  CFD a n a l y s e s  o f  t h e  f l o w  
t h r o u g h  test models such  a s  s c r a m j e t  e n g i n e s .  

The computer  program used i n  t h i s  a n a l y s i s ,  
deve loped  by Ajay Kumar a t  NASA Langley,  is 
d e s c r i b e d  i n  Refs.  2 and 3. T h i s  program s o l v e s  
t h e  t h r e e - d i m e n s i o n a l  E u l e r  o r  Reynolds-averaged 
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Navier-Stokes e q u a t i o n s  i n  f u l l  c o n s e r v a t i o n  form 
by t h e  e x p l i c i t  p r e d i c t o r - c o r r e c t o r  method o f  
MacCormack (Ref. 4 ) .  A two-layer a l g e b r a i c  eddy 
v i s c o s i t y  model is  used t o  model tu rbu lence  (Ref. 
S ) ,  and S u t h e r l a n d l s  law is used f o r  t h e  ca lcu-  
l a t i o n  of molecular  v i s c o s i t y .  

The nozz les  analyzed i n  t h i s  s t u d y  were square  
i n  c r o s s  s e c t i o n  a t  a l l  a x i a l  l o c a t i o n s .  Hence, 
o n l y  one quadran t  of t h e  nozzle  f low was ca lcu-  
l a t e d  s i n c e ,  by symmetry, t h i s  d e f i n e d  t h e  e n t i r e  
flow. The s o l u t i o n  f o r  each nozzle  was ob ta ined  
by d i v i d i n g  an e n t i r e  nozz le  geometry i n t o  t h r e e  
o r  f o u r  a x i a l  r e g i o n s  ( s e e  Fig. 3).  A s o l u t i o n  
was ob ta ined  f o r  one reg ion ,  and t h e  e x i t  f low 
from t h i s  reg ion  was used on t h e  i n f l o w  boundary 
f o r  t h e  c a l c u l a t i o n  of t h e  nex t  reg ion .  S e t t i n g  
t h e  problem up i n  t h i s  way allowed l a r g e r  t i m e  
s t e p s  t o  be used i n  subsequent  r e g i o n s  of t h e  
c a l c u l a t i o n  s i n c e  t h e  time s t e p  l i m i t i n g  each 
computation was l o c a t e d  a t  t h e  in f low boundary 
near  t h e  wall .  l h e r e f o r e ,  t h e  s o l u t i o n s  were 
ob ta ined  i n  l e s s  computat ional  time than would 
have been r e q u i r e d  t o  s o l v e  t h e  e n t i r e  nozz le  
geometry with t h e  time s t e p  d i c t a t e d  by t h e  f low 
near  t h e  nozzle  t h r o a t .  Also, by s p l i t t i n g  t h e  
computation i n t o  r e g i o n s ,  g r e a t e r  accuracy  was 
achieved wi thout  g e n e r a t i n g  p r o h i b i t i v e l y  l a r g e  
f i l e  s i z e s .  Figure 3 lists t h e  a x i a l  l e n g t h  and 
in f low and ou t f low dimensions of  each reg ion ,  t h e  
q r i d  s i z e  f o r  each reg ion ,  and t h e  i n f l o w  Mach 
number f o r  each t e s t  case .  

Generat inq a  p h y s i c a l  g r i d  f o r  t h e s e  square  
c r o s s - s e c t i o n  geomet r ies  was r e l a t i v e l y  easy .  The 
g r i d  f o r  t h e  e n t i r e  nozz le  was s p e c i f i e d  by a  one 
dimensional  a r r a y  of X c o o r d i n a t e s  and a  two- 
dimensional  a r r a y  of Y c o o r d i n a t e s  a t  each X 
s t a t i o n .  The Z c o o r d i n a t e s  were ob ta ined  by re -  
f l e c t i n g  t h e  Y c o o r d i n a t e s .  A s u p e r p o s i t i o n  of  
two e x p o n e n t i a l  s t r e t c h e s  produced a  g r i d  t h a t  was 
c l u s t e r e d  near  t h e  wal l  and t o  a  l e s s e r  e x t e n t  
near  t h e  symmetry plane i n  t h e  t r a n s v e r s e  
d i r e c t i o n .  This  c l u s t e r i n g  near  t h e  symmetry 
boundaries  was necessary  t o  o b t a i n  a  s o l u t i o n  t h a t  
was symmetric about  t h e  cen te r - to -corner  d iagona l .  

A comparison of t h e  geomet r ies  of t h e  s q u a r e  
c r o s s - s e c t i o n  nozz les  t h a t  were analyzed is shown 
i n  Fig. 4. This  f i g u r e  p r e s e n t s  t h e  wal l  c o n t o u r s  
normalized by t h e  corresponding nozz le  e x i t  h a l f -  
h e i g h t  versus  t h e  a x i a l  p o s i t i o n  normalized by 
o v e r a l l  nozz le  l eng th .  These nozz les  t r a n s i t i o n  
from a c i r c u l a r  plenum t o  a  square  c r o s s - s e c t i o n  
a t  t h e  t h r o a t ;  however, none of  t h e  non-square 
upstream geometry was used i n  t h e  c a l c u l a t i o n s .  
Both have e x i t  dimensions of approximately 
11 x 11 inches .  

Boundary Condi t ions  

For each nozz le  c a l c u l a t i o n ,  t h e  i n f l o w  
c o n d i t i o n s  t o  t h e  f i r s t  a x i a l  nozz le  r e g i o n  were 
s p e c i f i e d  a s  a  uniform f low e i t h e r  j u s t  downstream 
of t h e  t h r o a t  ( s l i g h t l y  s u p e r s o n i c  f low) o r  
upstream of t h e  t h r o a t  wi th  subsonic  flow. The 
f low v a r i a b l e s  a t  t h e s e  in f low boundaries  were 
h e l d  c o n s t a n t  a c r o s s  t h e  f low a r e a  e x c e p t  a t  t h e  
nozz le  w a l l  where n o - s l i p  and e i t h e r  a d i a b a t i c  
w a l l  o r  i s o t h e r m a l  ( c o l d )  wal l  c o n d i t i o n s  were 

used. D e r i v a t i v e  c o n d i t i o n s  were used a t  t h e  
symmetry p lane  boundaries .  

For each c a s e ,  t h e  code was run f o r  a  
s p e c i f i e d  number qf t ime s t e p s  t o  o b t a i n  a  
p r e l i m i n a r y  s o l u t i o n .  A f t e r  t h i s  s o l u t i o n  was 
checked, t h e  c a l c u l a t i o n  was r e s t a r t e d  and 
cont inued  u n t i l  t h e  a x i a l  d i s t r i b u t i o n  of  t o t a l  
c a l c u l a t e d  ( i n t e g r a t e d )  mass f low v a r i e d  less than 
0.2% a long  t h e  l e n g t h  of t h e  nozzle;  t h e n ,  
convergence t o  s t e a d y  s t a t e  was assumed. This  
convergence c r i t e r i o n  was observed t o  be 
c o n s i s t e n t  w i t h  t h a t  d e s c r i b e d  i n  Reference 2, 
s i n c e  t h e  c a l c u l a t i o n s  con t inued  i n  t ime approxi-  
mately e q u a l  to t h a t  r e q u i r e d  f o r  t h e  f low t o  
t r a v e r s e  t h e  f low domain t h r e e  times. 

R e s u l t s  and Discuss ion  

The i n i t i a l  e f f o r t  undertaken i n  t h i s  s tudy  
was t o  computa t iona l ly  model t h e  nozz le  f low 
c o n d i t i o n s  explored i n  Reference 1 and t o  compare 
t h e  c a l c u l a t e d  nozzle  e x i t  f low parameters  t o  
t h o s e  determined exper imenta l ly .  The AHSTF t e s t  
g a s  is  arc-heated a i r ;  however, t h e  CFD a n a l y s i s  
was conducted assuming p e r f e c t  gas .  The average 
g a s  p r o p e r t i e s  and t h e  f a c i l i t y  ( t e s t  f low) s t a g -  
n a t i o n  c o n d i t i o n s  used i n  t h e  nozzle  computat ions 
a r e  o u t l i n e d  i n  Table 1. 

The exper imenta l  nozz le  e x i t  f low parameters  
(Mach number, mass f low r a t e  p e r  u n i t  a r e a ,  and 
s t a t i c  p r e s s u r e )  a r e  p resen ted  i n  Fig. 5  f o r  t h e  
AHSTF Mach 6 nozzle  and i n  Fig. 6 f o r  t h e  AHSTF 
Mach 4.7 nozzle .  Note t h e  r a t h e r  s e v e r e  g r a d i e n t s  
a long t h e  c e n t e r l i n e  of each s i d e w a l l  of t h e  Mach 
6 nozzle .  Flow g r a d i e n t s  i n  t h e  Mach 4.7 nozz le  
were much l e s s  severe .  A s  mentioned prev ious ly ,  
t h e  need f o r  a  b e t t e r  unders tand ing  of t h e s e  
exper imenta l  r e s u l t s  prompted t h e  CFD s tudy  of  
t h e s e  nozzles .  

AHSW Nach 6 Nozzle 

The f i r s t  computed t e s t  c a s e  involved 
s i m u l a t i o n  of t h e  AHSTF Mach 6 nozzle  using a  
118 x 50 x 50 g r i d  (over  4 r e g i o n s ) ;  laminar  f low 
was assumed with a  superson ic  in f low c o n d i t i o n  and 
an a d i a b a t i c  w a l l  boundary condi t ion .  Mach number 
con tours  a t  t h e  nozzle  e x i t  from t h e s e  c a l c u -  
l a t i o n s  (Fig. 7 )  e x h i b i t e d  t h e  g e n e r a l  shape of  
t h e  corresponding exper imenta l  con tours  shown i n  
Fig. Sa. However, i n  t h e  computed c a s e ,  h igher  
flow g r a d i e n t s  w e r e  observed along t h e  c e n t e r l i n e  
of  t h e  nozz le  w a l l  than t h e  exper imenta l  r e s u l t s .  

The second computed t e s t  c a s e  repea ted  t h e  
c o n d i t i o n s  of t h e  f i r s t  t e s t  c a s e  with t h e  
excep t ion  t h a t  a  f i n e r  q r i d  of 178 x 75 x 75 
p o i n t s  ( a g a i n  over  4 r e g i o n s )  was used. 'Ihe Mach 
number con tours  r e s u l t i n g  from t h i s  computation 
a r e  shown i n  Fig. 8. Only s l i g h t  d i f f e r e n c e s  were 
observed i n  comparison to Fig. 7 ,  i n d i c a t i n q  t h a t  
t h e  g r i d  s i z e  was smal l  enough f o r  s u f f i c i e n t  
r e s o l u t i o n .  

The t h i r d  computed test c a s e  was a l s o  f o r  t h e  
AHSTF Mach 6 nozz le  wi th  t h e  f i n e r  g r i d  and a  
s u p e r s o n i c  in f low c o n d i t i o n ;  however, f o r  ' t h i s  
case ,  t h e  tu rbu lence  model was a c t i v a t e d .  Figs.  
9a.b.c show t h e  r e s u l t s  of t h i s  computation wi th  



a n  a d i a b a t i c  w a l l  a s sumpt ion  and F i g s .  lOa ,b , c  
show t h e  r e s u l t s  w i t h  an  i s o t h e r m a l  w a l l  (lOOOOR) 
a s s u m p t i o n  which s h o u l d  more c l o s e l y  r e p r e s e n t  t h e  
e x p e r i m e n t a l  c a s e .  I n c l u s i o n  o f  t h e  t u r b u l e n c e  
model y i e l d e d  f l o w  c o n t o u r s  which compared much 
closer to t h e  e x p e r i m e n t a l  r e s u l t s  ( F i g .  5 )  f o r  
t h e  AHSTF Mach 6  n o z z l e .  The c o m p u t a t i o n a l  
r e s u l t s  however,  showed s u b s t a n t i a l l y  more f l o w  
d e f e c t s  n e a r  t h e  c e n t e r l i n e  o f  t h e  w a l l  and l i t t l e  
d i f f e r e n c e  was no ted  i n  t h e  CFD r e s u l t s  when t h e  
i s o t h e r m a l  ( c o l d )  w a l l  boundary c o n d i t i o n  was used  
i n s t e a d  o f  t h e  a d i a b a t i c  w a l l  c o n d i t i o n .  T h i s  is 
f u r t h e r  d e m o n s t r a t e d  i n  Fig.  11 by  compar i son  o f  
t h e  c e n t e r l i n e  p r o f i l e s  o f  v a r i o u s  p a r a m e t e r s  from 
b o t h  t h e  e x p e r i m e n t a l  and c o m p u t a t i o n a l  r e s u l t s .  
I n  g e n e r a l ,  t h e  CFD and e x p e r i m e n t a l  r e s u l t s  
compare v e r y  w e l l  n e a r  t h e  c e n t e r  o f  t h e  n o z z l e  a t  
l o c a t i o n s  more t h a n  a p p r o x i m a t e l y  two i n c h e s  away 
f rom t h e  w a l l .  The d e f i c i t s  i n  t h e  f l o w  
p r o p e r t i e s  w i t h i n  two i n c h e s  of  t h e  w a l l  a r e  
s i g n i f i c a n t l y  h i g h e r  i n  t h e  c o m p u t a t i o n a l  s o l u t i o n  
t h a n  i n  t h e  e x p e r i m e n t a l  r e s u l t s .  T h i s  d i s c r e p -  
a n c y  may he due t o  i n a c c u r a c i e s  i n  t h e  CFD r e s u l t s  
because  o f  t h e  p e r f e c t  g a s  a s s u m p t i o n s ,  t h e  
v i s c o s i t y  model, and t h e  f l o w  t u r b u l e n c e  model i n  
p r e d i c t i n g  g a s  p r o p e r t i e s  a t  t h e s e  h i g h  temper- 
a t u r e s .  C o n v e r s e l y ,  t h e  e x p e r i m e n t a l  d a t a  may be 
i n  e r r o r  n e a r  t h e  w a l l  on t h e  c e n t e r l i n e  b e c a u s e  
o f  t h e  e f f e c t  o f  f l o w  a n g u l a r i t y  on t h e  p r o b e  
measurements .  

The ag reemen t  between t h e  e x p e r i m e n t a l  d a t a  
and t h e  n u m e r i c a l  s o l u t i o n  i n  t h e  b u l k  o f  t h e  f l o w  
( i . e .  i n  t h e  c e n t e r  p o r t i o n )  i n d i c a t e s  t h a t  t h e  
CFD code is r e s o l v i n g  t h e  g e n e r a l  c h a r a c t e r i s t i c s  
o f  t h e  test f l o w  th rough  t h e  n o z z l e  e x p a n s i o n  
p r o c e s s  i n  t h i s  a r e a .  However, t h e  d i s a g r e e m e n t  
n e a r  t h e  w a l l  on t h e  c e n t e r l i n e  y i e l d s  u n c e r t a i n t y  
of  t h e  f l o w  r e s o l u t i o n  i n  t h i s  a r e a .  The CFD 
r e s u l t s  w i l l  n e v e r t h e l e s s  b e  used t o  show t h e  
p r o b a b l e  n a t u r e  o f  t h e  f l o w  deve lopmen t  t h r o u g h o u t  
t h e  n o z z l e  expans ion .  The v e l o c i t y  v e c t o r s  ( i n  
one q u a d r a n t )  of t h e  f l o w  i n  t h e  v e r t i c a l /  
h o r i z o n t a l  (Y-Z) p l a n e  a r e  p r e s e n t e d  i n  Fig.  12 
f o r  f o u r  a p p r o x i m a t e l y  e q u a l l y - s p a c e d  a x i a l  i n t e r -  
v a l s  a l o n g  t h e  n o z z l e  l e n g t h  ( f o r  t h e  c a l c u l a t i o n  
w i t h  a d i a b a t i c  w a l l  a s s u m p t i o n s ) .  The c o r r e s p o n d -  
i n g  s t a t i c  p r e s s u r e  c o n t o u r s  ( a l s o  i n  one 
q u a d r a n t )  a r e  shown i n  Fig .  13  f o r  t h e  same 
i n t e r v a l s .  I n  t h e  i n i t i a l  e x p a n s i o n  (shown i n  
F i g s .  12a and 13a by t h e  v e l o c i t y  v e c t o r s  and 
s t a t i c  p r e s s u r e  c o n t o u r s  a t  a n  a x i a l  s t a t i o n  of  
x  = 14.93 i n c h e s ) ,  t h e  f l o w  v e c t o r s  i n  t h e  
t r a n s v e r s e  p l a n e  a r e  d i r e c t e d  away from t h e  c e n t e r  
of  t h e  n o z z l e  w i t h  t h e  p r e p o n d e r a n t  d i r e c t i o n  
towards  t h e  n o z z l e  c o r n e r .  The maximum v e l o c i t y  
i n  t h i s  p l a n e  is a p p r o x i m a t e l y  10% o f  t h e  a x i a l  
v e l o c i t y  component. (No te  t h a t  t r a n s v e r s e  ve loc -  
i t y  v e c t o r s  would a l s o  e x i s t  i n  t h e  y - d i r e c t i o n  
e a r l y  i n  t h e  e x p a n s i o n  i f  t h e  n o z z l e  were  o n l y  
c o n t o u r e d  on two s u r f a c e s  p e r p e n d i c u l a r  to  t h e  
y - d i r e c t i o n . )  The p r e s s u r e  becomes i n c r e a s i n g l y  
h i g h e r  n e a r  t h e  c o r n e r  o f  t h e  n o z z l e .  A s  
i n d i c a t e d  by t h e  d e c r e a s e  i n  magn i tude  o f  t h e  
t r a n s v e r s e  v e l o c i t y  v e c t o r s  a t  t h e  e x i t  o f  t h e  
second  a x i a l  r e g i o n  ( x  = 30.12, Fig .  12b and 1 3 b ) ;  
t h e  h i g h e r  p r e s s u r e  i n  t h e  c o r n e r s  o f  t h e  n o z z l e  
h a s  s lowed t h e  f l o w  i n  t h e  boundary l a y e r  and 
c a u s e d  a  f l o w  d e f l e c t i o n  s u c h  t h a t  t h e  f l o w  n e a r  
t h e  w a l l  is t u r n e d  away from t h e  c o r n e r .  The 
t r a n s v e r s e  v e l o c i t y  v e c t o r s  n e a r  t h e  c e n t e r  o f  t h e  
n o z z l e  a r e  much s m a l l e r  t h a n  t h o s e  n e a r  t h e  
c o r n e r s  and i n  t h e  boundary l a y e r  and t h e r e  is a n  

i n f l o w  t o  t h e  c e n t e r .  The p r e s s u r e  n e a r  t h e  
c o r n e r s  is st i l l  g r e a t e r  t h a n  t h a t  n e a r  t h e  
c e n t e r l i n e  o f  t h e  n o z z l e  (F ig .  13b) .  The f l o w  
s o l u t i o n  a t  t h e  e x i t  o f  t h e  t h i r d  a x i a l  r e g i o n  
( X  = 45.1 i n c h e s )  shows t h a t  t h e  t r a n s v e r s e  
boundary  l a y e r  f l o w  h a s  been  d i v e r t e d  from 
a d j a c e n t  n o z z l e  c g r n e r s ,  h a s  m e t  a l o n g  t h e  n o z z l e  
w a l l  c e n t e r l i n e ,  and h a s  been  d i v e r t e d  p a r a l l e l  t o  
and t h e n  away from t h e  n o z z l e  c e n t e r  p l a n e .  T h i s  
shows t h e  b e g i n n i n g  o f  t h e  f o r m a t i o n  o f  c o u n t e r -  
r o t a t i n g  v o r t i c e s  which are shed d u r i n g  t h e  n o z z l e  
e x p a n s i o n  and a r e  a  c h a r a c t e r i s t i c  o f  t h e  n o z z l e  
e x i t  f low. Also,  n o t e  t h a t  i n  t h e  e x i t  o f  t h e  
t h i r d  a x i a l  n o z z l e  r e g i o n ,  t h e  s t a t i c  p r e s s u r e  
d i s t r i b u t i o n  is much d i f f e r e n t  i n  t h a t  t h e  
p r e s s u r e  is now h i g h e s t  n e a r  t h e  c e n t e r  of t h e  
n o z z l e  and h a s  dropped s i g n i f i c a n t l y  n e a r  t h e  
c o r n e r s .  T h i s  i n d i c a t e s  t h a t  shock  wave s y s t e m s  
were  g e n e r a t e d  i n  t h e  e x p a n s i o n  p r o c e s s  s i n c e  t h e  
n o z z l e  c e n t e r  f l o w  was i n i t i a l l y  overexpanded and 
t h e n  recompressed.  T h i s  o v e r e x p a n s i o n  and 
r e c o m p r e s s s i o n  is shown i n  t h e  a x i a l  Mach number 
c o n t o u r s  f o r  c o m p u t a t i o n a l  r e g i o n s  2 , 3  and 4  o f  
t h e  n o z z l e  i n  Fig .  14. The c o n t o u r s  shown are 
a l o n g  t h e  c e n t e r  p l a n e  o f  t h e  n o z z l e ,  however,  
t h e s e  a r e  s i m i l i a r  to  a x i a l  p l a n e  c o n t o u r s  a c r o s s  
t h e  n o z z l e  wid th .  The s o l u t i o n  f o r  t h e  n o z z l e  
e x i t  f l o w  ( t h e  f o u r t h  a x i a l  r e g i o n  a t  x  = 61 .El, 
F ig .  12d)  shows v e l o c i t y  v e c t o r s  i n d i c a t i n g  
f u l l y - d e v e l o p e d  c o u n t e r - r o t a t i n g  v o r t i c i e s  w i t h  a 
maximum t r a n s v e r s e  v e l o c i t y  t h a t  is a b o u t  
10  p e r c e n t  o f  t h e  a x i a l  v e l o c i t y .  The c a l c u l a t e d  
s t a t i c  p r e s s u r e  d i s t r i b u t i o n  (F ig .  13d)  a t  t h e  
n o z z l e  e x i t  is more uniform t h a n  a t  t h e  o t h e r  
a x i a l  s t a t i o n s ,  and t h e  p r e s s u r e  is h i g h e s t  n e a r  
t h e  n o z z l e  c e n t e r l i n e  and l o w e s t  i n  t h e  c o r n e r s ;  
t h i s  is t h e  same t r e n d  t h a t  was obse rved  e x p e r i -  
m e n t a l l y .  I n  Fiq .  1 5  t h e  v e l o c i t y  v e c t o r s  
c o r r e s p o n d i n g  t o  t h e  CFD s o l u t i o n  w i t h  t h e  
i s o t h e r m a l  w a l l  a s sumpt ion  a r e  shown f o r  x  = 61.81 
i n c h e s  ( n o z z l e  e x i t ) ;  t h e s e  r e s u l t s  show t h e  same 
f l o w  p a t t e r n  ( i . e .  f u l l y  deve loped  c o u n t e r  
r o t a t i n g  v o r t i c e s  a l o n g  t h e  w a l l  c e n t e r l i n e )  as 
d i d  t h e  a d i a b a t i c  w a l l  s o l u t i o n .  

For  the AHSTF Mach 6  n o z z l e  and t h e  Mach 4.7 
n o z z l e ,  some problems were  e n c o u n t e r e d  w i t h  t h e  
t u r b u l e n c e  model i n  t h e  l a s t  h a l f  o f  e a c h  
n o z z l e .  A s  t h e  v o r t i c e s  d e v e l o p e d ,  t h e  de te rmin -  
a t i o n  o f  t h e  f i r s t  maximum i n  t h e  F - func t ion  o f  
t h e  c o r r e l a t i o n  f o r  t h e  o u t e r  t u r b u l e n t  v i s c o s i t y  
became v e r y  d i f f i c u l t .  Sudden jumps i n  c a l c u l a t e d  
t u r b u l e n t  v i s c o s i t y  produced n u m e r i c a l  o s c i l -  
l a t i o n s  which r e s u l t e d  i n  proqram f a i l u r e .  The 
c a l c u l a t i o n s  were  c o n t i n u e d  by s p e c i f y i n g  t h a t  t h e  
maximum v a l u e  o f  t h e  F - func t ion  o c c u r r e d  a t  a  
p r e s c r i b e d  d i s t a n c e  (number o f  nodes )  from t h e  
w a l l .  T h i s  a s sumpt ion  a l lowed  t h e  s i m u l a t i o n  to 
c o n t i n u e  u n t i l  a  s o l u t i o n  was o b t a i n e d ;  however, 
i t  may have  a f f e c t e d  t h e  r e s u l t i n g  c a l c u l a t i o n s  i n  
t h e  boundary l a y e r  and migh t  a l s o  a c c o u n t  f o r  some 
o f  t h e  d i s c r e p a n c i e s  between t h e  e x p e r i m e n t a l  and 
c o m p u t a t i o n a l  r e s u l t s .  

These  CFD r e s u l t s  are c o n s i d e r e d  p r e l i m i n a r y  
and r e f i n e d  c a l c u l a t i o n s  are b e i n g  c o n t i n u e d  a t  
NASA Langley. The c a l c u l a t e d  p a r a m e t e r s ,  however,  
compare s u f f i c i e n t l y  w e l l  w i t h  t h e  e x p e r i m e n t a l  
d a t a  t h a t  t h e  n a t u r e  o f  t h e  f l o w  development  is  
i n d i c a t e d .  The n u m e r i c a l  r e s u l t s  show t h a t  t h e  
AHSTF Mach 6  n o z z l e  e x p a n s i o n  f l o w  i n c l u d e s  sets 
o f  c o u n t e r - r o t a t i n g  v o r t i c i e s ,  which is a  f l o w  
phenomenon t h a t  c o u l d  n o t  be d e t e r m i n e d  from t h e  



e x p e r i m e n t a l  r e s u l t s  s i n c e  o n l y  axial f l o w  
measurements  were  o b t a i n e d .  

AHSTF Uach 4.7 mztle 

The f o u r t h  computed test  c a s e  i n v o l v e d  CFD 
s i m u l a t i o n  of  t h e  AHSTF Mach 4.7 n o z z l e  f l o w  u s i n g  
a  151 x  60 x  6 0  g r i d  ( o v e r  3 a x i a l  r e g i o n s ) ,  
t u r b u l e n c e  model a c t i v a t e d ,  a  s u b s o n i c  i n f l o w  
c o n d i t i o n  w i t h  a  Mach number o f  a p p r o x i m a t e l y  0.4 
and an  a d i a b a t i c  w a l l  a s sumpt ion .  The n o z z l e  
geomet ry  a n a l y s e d  i n c l u d e d  an  a p p r o x i m a t e l y  
c o n s t a n t  a r e a  n o z z l e  e x t e n s i o n  which was n o t  
i n s t a l l e d  d u r i n g  t h e  n o z z l e  c a l i b r a t i o n  tests 
(Ref .  1 )  and was n o t  shown on Fig .  2. A x i a l  f l o w  
p r o p e r t y  c o n t o u r s ,  however,  ( a x i a l  Mach number 
c o n t o u r s  w i l l  be p r e s e n t e d  l a t e r )  show n o  
s i g n i f i c a n t  changes  i n  the n o z z l e  f l o w  p r o p e r t i e s  
th rough  t h i s  e x t e n s i o n .  T h e r e f o r e ,  t h e  CFD 
r e s u l t s  a t  t h e  n o z z l e  e x i t  which were  made 
i n c l u d i n g  t h e  e x t e n s i o n  were  compared to t h e  
e x p e r i m e n t a l  c a l i b r a t i o n  which were  o b t a i n e d  w i t h  
t h e  e x t e n s i o n  removed. The r e s u l t a n t  c o n t o u r s  a r e  
shown i n  Fig.  16. Comparison o f  t h e  computed 
c o n t o u r s  w i t h  t h e  e x p e r i m e n t a l  c o n t o u r s  o f  Fig .  6  
shows t h a t  t h e  c o m p u t a t i o n a l  r e s u l t s  a g a i n  ( a s  i n  
t h e  Mach 6  c a s e )  i n d i c a t e  s u b s t a n t i a l l y  h i g h e r  
f l o w  g r a d i e n t s  n e a r  the c e n t e r l i n e  o f  t h e  w a l l s  
t han  d i d  t h e  e x p e r i m e n t a l  r e s u l t s .  T h i s  is  
f u r t h e r  d e m o n s t r a t e d  by compar ison o f  e x p e r i m e n t a l  
and c a l c u l a t e d  c e n t e r l i n e  p r o f i l e s  of  v a r i o u s  
p a r a m e t e r s  i n  Fig .  17. The CFD and e x p e r i m e n t a l  
r e s u l t s  compare w e l l  n e a r  t h e  c e n t e r  o f  t h e  n o z z l e  
a t  l o c a t i o n s  more t h a n  two i n c h e s  from t h e  w a l l .  
The f l o w  p r o p e r t y  g r a d i e n t s  w i t h i n  two i n c h e s  o f  
t h e  w a l l  a r e  g r e a t e r  from t h e  CFD s o l u t i o n  t h a n  
from t h e  e x p e r i m e n t a l  r e s u l t s .  

F i g u r e s  18  and 19 show t r a n s v e r s e  v e l o c i t y  
v e c t o r s  and s t a t i c  p r e s s u r e  r a t i o  c o n t o u r s  a t  
t h r e e  a x i a l  s t a t i o n s  down t h e  l e n g t h  o f  t h e  AHSTF 
Mach 4.7 n o z z l e .  These  f i g u r e s  show a  f l o w  
development  s i m i l i a r  t o  t h a t  d i s c u s s e d  p r e v i o u s l y  
f o r  t h e  AHSTF Mach 6  n o z z l e ;  however ,  t h e s e  
r e s u l t s  i n d i c a t e  t h a t  two s m a l l e r  v o r t i c i e a  e x i s t  
n e a r  t h e  n o z z l e  w a l l  c e n t e r l i n e  (symmetry p l a n e )  
where a  s i n g l e  v o r t e x  was p r e d i c t e d  i n  t h e  Mach 6 
c a s e ,  Fig .  20 shows a x i a l  Mach number c o n t o u r s  
a l o n g  t h e  c e n t e r  p l a n e  o f  t h e  AHSTF Mach 4.7 
n o z z l e  which a l s o  i n d i c a t e s  a  f l o w  which is 
i n i t i a l l y  overexpanded and t h e n  recompressed s i n c e  
t h e  h i g h e s t  Mach number r e g i o n s  e x i s t  n e a r  t h e  
b e g i n n i n g  of  r e g i o n  3 and a  lower  Mach number is 
s e e n  a t  t h e  e x i t .  

Conc lud ing  Remarks 

Complete Navier-Stokes  s o l u t i o n s  have been  
o h t a i n e d  f o r  t h e  f l o w  i n  Mach 4.7 and Mach 6 
s q u a r e  c r o s s - s e c t i o n  c o n t o u r e d  f a c i l i t y  n o z z l e s .  
These  n o z z l e s  a r e  used i n  s c r a m j e t  e n g i n e  t e s t i n g  
i n  NASA L a n g l e y ' s  Arc-Heated S c r a m j e t  T e s t  
F a c i l i t y .  The numer ica l  r e s u l t s  show g e n e r a l ,  b u t  
n o t  comple te ,  agreement  w i t h  e a r l i e r  e x p e r i m e n t a l  
measurements .  Pa ramete r  c o n t o u r  p l o t s  o f  t h e  
n u m e r i c a l  and t h e  e x p e r i m e n t a l  d a t a  a t  t h e  e x i t s  
o f  t h e  n o z z l e s  a r e  s i m i l a r .  More d e t a i l e d  
compar i sons  show e x c e l l e n t  ag reemen t  i n  t h e  c e n t e r  
f l o w  a r e a s  o f  t h e  n o z z l e s ;  however,  ag reemen t  is 
n o t  good w i t h i n  two i n c h e s  o f  t h e  w a l l  i n  t h e  
a p p r o x i m a t e l y  11 i n c h  x  11 i n c h  n o z z l e  e x i t  
a r e a s .  Accep t ing  t h e  p remise  t h a t  t h e  n u m e r i c a l  
c a l c u l a t i o n s  c o u l d  be a s  a c c u r a t e  as t h e  

e x p e r i m e n t a l  measurements  n e a r  t h e  w a l l ,  t h e  f l o w  
development  was t r a c e d  a l o n g  t h e  a x i a l  l e n g t h  o f  
t h e  n o z z l e .  

The n u m e r i c a l  r e s u l t s  showed t h e  f o r m a t i o n  o f  
c o u n t e r - r o t a t i n g  v o r t i c e s  on t h e  c e n t e r l i n e  o f  
e a c h  s i d e w a l l  (maximum t r a n s v e r s e - t o - a x i a l  
v e l o c i t y  rat io o f  0.10 at. t h e  n o z z l e  e x i t ) .  w i t h  
f a c i l i t y  n o z z l e  boundary  l a y e r  i n g e s t i o n  i n t o  
s c r a m j e t  e n g i n e s ,  one  set o f  t h e s e  v o r t i c e s  would 
e n t e r  t h e  eng ine .  Wi thou t  boundary  l a y e r  
i n g e s t i o n ,  t h e  e n t e r i n g  f l w  would be r e l a t i v e l y  
un i fo rm and v o r t e x  f r e e .  

ARSTP Uach 6 ARSFP W c h  4.7 
arOzzle mrzle 
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F i g u r e  1 .- E l e v a t i o n  view o f  t h e  Arc-Heated 
S c r a m j e t  T e s t  F a c i l i t y  (AHSTF) . 

X (scaled by value al exit) 

F i g u r e  4.- Nozzle w a l l  c o n t o u r s .  
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Dlmmslons In Inches 

F i g u r e  2.- Arc-Heated S c r a m j e t  T e s t  F a c i l i t y  
Nozzle Schemat i c s .  

a  .- Mach number ( M I  ) 

F i g u r e  5.- Exper imen ta l  c o n t o u r s  o f  f l o w  
p a r a m e t e r s  a t  t h e  e x i t  o f  t h e  Mach 6 
n o z z l e .  

Dimensions i n  i n c h e s  o r  i n a 2  

b.- Mass Flow Ra te  p e r  U n i t  Area 
( ~ b m / s - i n . ~  x  1  0 4 ) .  

F i g u r e  5.- Cont inued.  

F i g u r e  3.- Geometry and Gr id  S i z e  used i n  CFD 
c a l c u l a t i o n s .  



c.- S t a t i c - t o - t o t a l  p r e s s u r e  r a t i o  
(P l /P t , ,  x l o 6 ) .  

F igure  5.- Concluded. 

-11.174- 
in. 

11.174 
in. 

I 
a.- Mach number ( M I )  

F igure  6.- Experimental con tours  of f low 
parameters  a t  t h e  e x i t  of t h e  Mach 4.7 
nozzle .  

-11.174- 
in. 

A 

11.174 
in. 

I 
b.- Mass Flow Rate p e r  Unit Area 

( lbm/s- in2 x  l o 4 ) .  

F igure  6.- Continued. 

-11.174- 
in. 

c.- S t a t i c - t o - t o t a l  p r e s s u r e  r a t i o  
(P,/P,,, x  l o 5 ) .  

Figure  6.- Concluded. 

F igure  7.- Ca lcu la ted  contour  p l o t  of  Mach number 
a t  t h e  e x i t  of  t h e  Mach 6 nozz le  from 
moderate g r i d  laminar  s o l u t i o n  
( a d i a b a t i c  w a l l  boundary c o n d i t i o n ) .  

F igure  8.- Calcu la ted  contour  p l o t  of Mach number 
a t  t h e  e x i t  of t h e  Mach 6  nozz le  from 
f i n e  g r i d  laminar  s o l u t i o n  ( a d i a b a t i c  
w a l l  boundary c o n d i t i o n ) .  



a .- Mach number a .- Mach number. 

F igure  9.- Ca lcu la ted  f low parameter  con tours  a t  F igure  10.- Ca lcu la ted  f low parameter  con tours  a t  
t h e  e x i t  of t h e  Mach 6 nozzle .  t h e  e x i t  of t h e  Mach 6 nozzle .  
(Turbulen t  flow, a d i a b a t i c  w a l l  (Turbulen t  f low,  i s o t h e r m a l  wal l  
boundary c o n d i t i o n .  ) boundary c o n d i t i o n  [ l  OOOOR]. ) 

b.- Mass Flow Rate r Unit Area 
( 1 bm/s-in2 x 10 g. 

Figure  9.- Continued. 

c.- S t a t i c - t o - t o t a l  p r e s s u r e  r a t i o  
(P1/Pt , ,  x 106'. 

b.- Mass Flow Rate per  Unit Area 
( lbm/s-in2 x 1 0 4 ) .  

Figure 10.- Continued. 

c.- S t a t i c - t o - t o t a l  p r e s s u r e  r a t i o  (P1/Pt, x lo6'. 

Figure 10.- Concluded. 
F igure  9.- Concluded. 



a.- Mach number. 

Figure 1 1 . -  Comparison of  ca lculated  and 
experimental f low parameter 
p r o f i l e s  on the e x i t  c e n t e r l i n e  of  the  
Mach 6 nozz le .  

~ ~ ~ ~ m d  

b.- Mass Flow Rate per Unit Area. 

Figure 1 1 .- Continued. 

d.- Veloc i ty  

Figure 1 1 .- Continued. 

e . -  S t a t i c - t o - t o t a l  temperature r a t i o  

Figure 1 1 .- Concluded. 

c . -  S t a t i c - t o - t o t a l  pressure r a t i o .  

Figure 1 1  .- Continued. 



a . -  x = 14.93 inches 

Figure 12.- Calculated v e l o c i t y  vectors  i n  
transverse planes along the length o f  
the Mach 6 nozz le  ( a d i a b a t i c  w a l l ,  one 
quadrant shown). 

b.- x = 30.12 inches 

Figure 12.- Continued. 

c . -  x = 45.10 inches  

Figure 1 2.- Continued. 
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d.- x = 61.81 inches (nozz le  e x i t )  

Figure 1 2. - Concluded. 



Lr 

a.-  x = 14.93 inches 

Figure 1 3.- Calculated s t a t i c - t o - t o t a l  pressure 
r a t i o  contours i n  transverse planes 
along the length o f  the Mach 6 nozzle  
(adiabat ic  wal l ,  one quadrant shown) 

b.- x = 30.12 inches 

Figure 1 3.- Continued. 

c . -  x = 45.10 inches 

Figure 1 3.- Continued. 
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d.- x = 61.81 inches (nozz le  e x i t )  

Figure 1 3 .- Concluded. 



a.- Computat ional  Region 2. 

F igure  14.- C a l c u l a t e d  a x i a l  Mach number c o n t o u r s  
a long  t h e  c e n t e r  p lane  o f  
t h e  Mach 6 nozzle .  

b.- Computational Region 3. 

F igure  14 .- Continued. 

c.- Computational Region 4. 

F igure  1 4 .- Concluded. 
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Figure  15.- C a l c u l a t e d  v e l o c i t y  v e c t o r s  i n  t h e  
t r a n s v e r s e  p lane  a t  t h e  e x i t  of t h e  
Mach 6 nozz le  ( I s o t h e r m a l  w a l l  
[ 1 OOOOR] 1 .  

a.- Mach number. 

F igure  16.- C a l c u l a t e d  f low parameter  c o n t o u r s  a t  
t h e  e x i t  of t h e  Mach 4.7 nozz le  
( t u r b u l e n t  flow, a d i a b a t i c  w a l l  
boundary c o n d i t i o n ) .  

b.- Mass Flow Rate  p e r  Uni t  Area 
( lbm/s-in2 x 1 04) .  

F igure  16.- Continued. 

c.- S t a t i c - t o - t o t a l  p r e s s u r e  r a t i o  (P l / ~ t , l  x lo5)  
F igure  16.- Concluded. 



a.- Mach number 

F igure  17.- Comparison of c a l c u l a t e d  and 
exper imenta l  f low parameter  p r o f i l e s  on 
t h e  e x i t  c e n t e r l i n e  of t h e  Mach 4.7 
nozzle .  

d.- V e l o c i t y  

F igure  1 7 .- Continued. 

b.- Mass Flow Rate per Unit Area (lbrn/s-in2) 

F igure  1 7 .,- Continued. 

e.- S t a t i c - t o - t o t a l  temperature r a t i o .  

F igure  17.- Concluded. 

c.- S t a t i c - t o - t o t a l  p r e s s u r e  r a t i o .  

F igure  17.- Continued. 



a,-  x = 20.44 i n c h e s  

F igure  18.- C a l c u l a t e d  v e l o c i t y  v e c t o r s  i n  
t r a n s v e r s e  p l a n e s  a long  t h e  l e n g t h  o f  
t h e  Mach 4.7 nozz le  ( a d i a b a t i c  w a l l ,  
one q u a d r a n t  shown). 

b.- x = 34.37 i n c h e s  

F igure  18.- Continued. 
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c.- x = 67.09 i n c h e s  ( n o z z l e  e x i t ) .  

F igure  18.- Concluded. 

a * -  X = 20.44 i n c h e s  

F igure  19.- C a l c u l a t e d  s t a t i c - t o - t o t a l  p r e s s u r e  
r a t i o  c o n t o u r s  i n  t r a n s v e r s e  p l a n e s  
a long  t h e  l e n g t h  o f  t h e  Mach 4.7 
nozz le  ( a d i a b a t i c  w a l l ,  one quadran t  
shown) (P l /P t , l  x 10'). 



b.- x = 34.37 inches 

Figure 19.- Continued. 

Figure 20.- Calculated ax ia l  Mach number contours 
along the center plane of the Mach 4 .7  
nozzle for computational region 3. 

C . -  x = 67.09 inches (nozzle e x i t ) .  

Figure 19 .- Concluded. 


